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Abstract

Next-generation sequencing and other genomic technologies are transforming prenatal and
reproductive screening and testing for fetal genetic disorders at an unprecedented pace. Original
approaches of screening and testing for fetal genetic and genomic disorders were focused on a few
more prevalent conditions that were easily diagnosable with pre-genomic era diagnostic tools.
First, chromosomal microarray analysis and then next-generation sequencing brought technology
capable of more detailed genomic evaluation to prenatal genetic screening and diagnosis. This has
facilitated parallel introduction of a variety of new tests on maternal blood samples, including
expanded carrier screening and cell-free DNA-based non-invasive screening for fetal aneuploidy,
selected copy number variants, and single gene disorders. Genomic tests on fetal DNA samples,
obtained primarily through amniocentesis or chorionic villus sampling, include chromosomal
microarray analysis and gene panel and exome sequencing. All these form the diagnostic pillar of
the emerging field of fetal precision medicine, but their implementation is associated with ethical,
counseling and healthcare resource utilization challenges. We discuss where in the reproductive
and prenatal care continuum these exciting new technologies are integrated, along with associated
challenges. We propose areas of priority for research to gain the data in support of their
responsible implementation into clinical reproductive and prenatal care.
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Introduction

Until the early 2000’s, in the “pre-genomic” era of prenatal genetic testing and screening
(Fig. 1a), the main goal was to identify women at increased risk for children with common
aneuploidies, trisomies 13, 18 and 21. Screening methods included various combinations of
family history, maternal age, levels of specific maternal serum analytes and findings on
prenatal ultrasound (ACOG 2016b). Women at increased risk were offered either chorionic
villus sampling (CVS) or amniocentesis with a karyotype, and in some cases with
fluorescence /n situ hybridization (FISH) for rapid detection of common trisomies. Although
much less frequently, if indicated based on high suspicion or a specific condition, a locus-
specific FISH for a known deletion or a Sanger-sequencing based or other molecular test for
a specific single gene defect could be added. Although paternal age was well recognized as a
risk factor for diseases caused by de novo pathogenic single nucleotide variants (SNVs), no
specific screening or testing addressing paternal age was available (ACOG 2016a; Friedman
1981; Kong et al. 2012; Toriello et al. 2008).

Thus, the methods mentioned above were the only option available until the early 2000’s
when chromosomal microarray analysis (CMA), which can identify unbalanced numerical
chromosomal abnormalities (aneuploidies) and (sub)microscopic structural chromosomal
defects (deletions and duplications), ushered in the “genomic era” in prenatal genetic testing
(Fig. 1b). A definitive multicenter trial that included more than 4000 women, along with
other large series, demonstrated that prenatal CMA on DNA from CVS or amniotic fluid
(AF) samples detects clinically significant copy number variants (CNVs) in 1-1.7% of
fetuses when amniocentesis was performed for standard indications and in 6-7% of fetuses
with congenital anomalies identified by prenatal ultrasound imaging (Hillman et al. 2013;
Wapner et al. 2012) and also has a better diagnostic yield than karyotypes for stillbirths and
miscarriages (Dhillon et al. 2014; Reddy et al. 2012). These results demonstrated that more
widely offering CVS or amniocentesis to all pregnant women would significantly improve
the ability to prenatally detect clinically significant chromosomal abnormalities (ACOG
2016a; Evans et al. 2016). While this was a major advance, in particular for pregnancies
complicated by fetal structural anomalies, the combination of karyotype analysis and CMA
still leaves at least 60-70% of fetuses with prenatally detected congenital anomalies without
a genetic diagnosis (Best et al. 2018). A substantial proportion of these are expected to be
caused by deleterious sequence variants in single genes, consistent with the high burden of
Mendelian disease in newborns (Baird et al. 1988; Meng et al. 2017).

Slightly later, the transformative technology of high-throughput next-generation sequencing
(NGS) matured and became cheaper. This resulted in an exponential rise in the use of exome
sequencing for research to identify new disease genes and for clinical genetic diagnosis in
children and adults with suspected genetic disorders where exome sequencing has an
incremental diagnostic rate of 25-40% when CMA, karyotype and targeted testing cannot
reveal a diagnosis (Clark et al. 2018; Yang et al. 2014). In this population, it has become the
primary diagnostic sequencing method, replacing Sanger sequencing, which is now mostly
used for confirmation of putative pathogenic sequence variants identified through NGS or
for testing known familial variants.
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The versatility of NGS has resulted in development and rapid introduction into the clinic of a
variety of NGS-based tests for prenatal screening and diagnosis of Mendelian and
chromosomal disorders. Among those, non-invasive prenatal screening (NIPS) for fetal
chromosomal abnormalities by analysis of cell-free DNA (cfDNA) in the maternal plasma,
now offered to millions of women worldwide each year, has been characterized as a
disruptive innovation (Rifai et al. 2015) that has profoundly changed the practice of prenatal
testing and screening for chromosomal and other genetic disorders (Bianchi and Chiu 2018).
Other NGS-based genetic tests that are changing the practice of reproductive and prenatal
genetics include expanded carrier screening (Gregg and Edwards 2018) and exome
sequencing on fetal samples obtained through amniocentesis and CVS (Best et al. 2018;
Lord et al. 2019; Normand et al. 2018a; Petrovski et al. 2019; Vora and Hui 2018). More
recently, NGS-based assays on cfDNA in maternal plasma for non-invasive prenatal
detection of mutations in single genes or small gene panels have been introduced (Hayward
and Chitty 2018; Zhang et al. 2019). Furthermore, proof of concept has been demonstrated
that single nucleotide variants (SNVs) across the fetal genome can be interrogated from
cfDNA in maternal plasma (Fan et al. 2012; Kitzman et al. 2012; Lo et al. 2010). Lastly,
NGS is now also becoming the research method of choice to identify fetal aneuploidy and
CNVs in DNA from intact fetal cells isolated from the blood of pregnant women (Vossaert et
al. 2018).

NGS is thus becoming the diagnostic pillar of Fetal Precision Medicine, by transforming
prenatal genetic diagnosis testing from a broad screening approach for few conditions to a
more precise individualized evaluation for a large number of genetic disorders. Here, we
review where in the reproductive and prenatal care continuum these exciting new
technologies are integrated, along with their pitfalls, challenges, and we propose research
priorities for their responsible implementation in prenatal and reproductive care (Table 1).

Next-generation sequencing (NGS) principles and their implications for
prenatal diagnostic applications.

For the most commonly used form of NGS, massively parallel sequencing, extracted
genomic DNA is first fragmented and adaptors are ligated to those fragments to prepare the
sequencing library. For gene panel and exome sequencing, the library is captured by
hybridization to biotinylated probes or baits, bound to streptavidin-coated magnetic beads to
enrich for the regions of interest. The final sequencing library is then immobilized on a solid
substrate for cluster formation through bridge amplification, and sequencing by synthesis to
obtain multiple copies of the nucleotide sequence of each overlapping fragment. The
resulting sequence is computationally aligned to the reference genome, during which any
discrepancy between sample and reference is marked as a putative genomic variant for
further interpretation of potential pathogenicity (Normand et al. 2018a). A more detailed
description of NGS can be found elsewhere (Biesecker and Green 2014), but several key
features are important when we consider downstream applications. These include the length
of the sequenced fragments and the fidelity and error rate of the sequencing process that vary
between methods and the sequencing depth of coverage or average number of times a single
base is read during a sequencing run. If identifying copy-number variation across a large
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Expanded

region is the goal of genome-wide sequencing, lower depths are acceptable but more
uniform coverage is desired. If the goal is to identify specific single-nucleotide variants,
deeper sequence (larger number of overlapping reads) at targeted sites is required. The
American College of Medical Genetics and Genomics (ACMG), along with the Association
for Molecular Pathology (AMP) have issued guidelines for depth of coverage of diagnostic
exome sequencing (Richards et al. 2015) and criteria for interpretation of pathogenicity of an
identified variant. These include known association with a genetic condition relevant to the
indication for sequencing, the variant’s frequency in the population, its segregation in the
family consistent with the inheritance pattern of the phenotype, its predicted impact on
protein function determined by bioinformatic functional predication models and, if available,
experimental functional data from human studies and model systems.

There are additional technical considerations unique to prenatal applications of NGS (Abou
Tayoun et al. 2018; Best et al. 2018; Normand et al. 2018a). For amniotic fluid or CVS
samples, an assay to determine evidence of maternal cell contamination (MCC) is required.
Depending on the volume of the obtained sample, the amount of DNA can be small. In
addition, assays for MCC also use some of the limited amount of DNA and cell culture may
be required to obtain enough DNA for sequencing. This not only lengthens the time to
obtain a diagnosis, but replication errors in cell culture could potentially introduce SNVs
resulting from culture artefacts that must be considered in data analysis. For CVS, DNA
extracted from chorionic villi is primarily from trophoblast cells, whereas cell cultures
represent the mesenchymal core of the villi. Because decisions about pregnancy
management are made with sequencing results, a short turn-around time is critical. In order
to accommodate smaller amounts of DNA and the need for a rapid turn-around time, the
sequencing library preparation may include more amplification steps. The DNA
amplification process can also introduce artefactual sequence errors. In addition, prenatal
sequencing is often done as a trio, whereby parental and fetal DNAs are sequenced in
parallel, allowing faster interpretation of de novo dominant and recessive variants.
Interpretation of the pathogenicity of sequence variants requires effective communication of
precise phenotypic information from the clinic to the lab. Yet, accurate phenotyping using
consistent nomenclature is particularly challenging prenatally, as phenotypes can be
incompletely defined due to imaging limitations and also evolve as pregnancy progresses
(Best et al. 2018; Gray et al. 2019). Furthermore, the general knowledge of which fetal
phenotypes are associated with specific genes and gene variants is more limited than
postnatally. Prenatally lethal phenotypes are especially underrepresented in the current
available databases that can be queried to help support variant interpretation (Gray et al.
2019).

carrier screening (ECS)

Parental carrier screening is an important component of prenatal and preconception
reproductive genetic risk assessment (Gregg and Edwards 2018). Its primary goal is to
identify carrier couples for recessive conditions and carrier mothers of X-linked conditions
(Edwards et al. 2015; Henneman et al. 2016). For years, carrier screening was focused on a
limited number of higher prevalence moderate to severe recessive conditions, with ethnicity-
based screening for disorders that are more common in specific populations. Recognized
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disadvantages of this strategy are the growing number of individuals of mixed ethnic
backgrounds, high inaccuracy of self-declared ethnicity, and lack of screening for the
majority of rare autosomal recessive and X-linked disorders (Langlois et al. 2015). With
NGS-based sequencing, different expanded carrier screening panels containing up to
hundreds of genetic disorders have been developed and introduced into the clinic. There is
no strict guidance on panel content and variant interpretation, and though various ECS
panels overlap, they have important differences, mostly in the number of genes included
(Antonarakis 2019; Chokoshvili et al. 2017). With panels of >400 or more genes, >85% of
screened individuals carry =1 or more pathogenic variants (Bell et al. 2011; Martin et al.
2015), but the identification of “at risk” carrier couples, ~1-3% for most panels with >100
genes and 5% with a panel of 549 genes (Martin et al. 2015), does not increase dramatically,
because each included disorder is rare in the population. When couples are screened
sequentially, a positive result in the first screened partner (usually the pregnant woman) can
cause anxiety and increases healthcare resource utilization to address additional genetic
counseling and coordination of partner testing or screening. Turn-around time to the final
“couple carrier status” result is increased and partners don’t always pursue the follow-up
testing. With more genes on carrier screening panels, sequential screening may become
impractical because of the large proportion of screened individuals that are identified as
carriers. Thus, concurrent couple screening will be more efficient, but its benefits,
counseling aspects, costs and healthcare utilization burden should be prospectively
investigated.

Variant reporting for ECS is appropriately limited to well described pathogenic and likely
pathogenic variants. Yet, neonatal and prenatal exome sequencing have already identified
cases where a pathogenic or likely pathogenic variant in one allele and a VUS in trans or two
high-risk VUS in trans are interpreted as likely causing the proband’s phenotype. In these
cases, couple carrier status in genes on ECS panels would not be reported until they are
reclassified. This highlights the importance of depositing all sequence data and associated
phenotypes in public databases (see below). How to address new information on variant
pathogenicity in ECS programs by either rescreening on a regular basis or reinterpretation of
existing results is to our knowledge incompletely addressed. Integrating this is in
reproductive health care also carries counseling and ethical challenges which should be
formally studied.

Lastly, for some diseases, SNVs are not the only possible mutation mechanism and this
should be conveyed in pre-test counseling, along with information about included methods
in the ECS panel for detection of other mutation types for some genes; e.g. copy numbers of
exons of ODMD (X-linked Duchene Muscular Dystrophy gene), and copy number of SMN1
(spinal muscular atrophy gene) and its neighboring SMNZ, or of HBA (alpha-thalassemia).

Cell-free DNA sequencing for non-invasive assessment of chromosomal

aneuploidy and copy number variants.

The discovery of fetal cfDNA in maternal plasma in 1997 (Lo et al. 1997) was followed by
demonstration in 2008 that massively parallel sequencing of circulating cfDNA fragments
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coupled with counting of fragments that map to each chromosome can provide information
about fetal chromosomal aneuploidy (Chiu et al. 2008; Fan et al. 2008). The subsequent
commercial introduction of cfDNA-based NIPS had an unprecedented impact on the
practice of prenatal screening for trisomies 13, 18 and 21 for which it has superior positive
and negative predictive values compared to standard multiple marker screening (Gil et al.
2015). However, this coincided with the demonstration of the contribution to fetal morbidity
of clinically significant CNVs, detectable by CMA on DNA from CVS and AF samples but
not by NIPS. Although this expanded the indications for genetic amniocenteses or CVS
(Evans et al. 2016; Wapner et al. 2012), with the rapid commercialization of NIPS, the
number of these procedures declined significantly (Williams et al. 2015), despite evidence
that their associated risk of pregnancy loss ~1:909 for amniocentesis and ~1:450 for CVS
(Akolekar et al. 2015; Eddleman et al. 2003) is also lower than previously thought, with data
supporting that risks of both procedures are identical if performed by experienced providers
(Wulff et al. 2016). The predicted consequence of the reduction in amniocenteses and CVS
is that many diagnosable disorders, which in aggregate are more common than Down
syndrome and other common trisomies, will not be identified prenatally (Evans et al. 2016).
Although cfDNA screening for sex chromosome aneuploidy, rarer autosomal aneuploidies
and selected clinically significant copy number variants, including a genome-wide screen for
CNVs larger than 7 Mb (Lefkowitz et al. 2016), are increasingly offered, these are not yet
recommended by professional societies because of the low PPVs and high false positive
rates of these expanded NIPS tests (ACOG 2016b). These limitations of NIPS are not
optimally communicated by primary prenatal care providers to patients, with a tendency to
emphasize the risk of diagnostic procedures.

Efforts to develop and clinically evaluate the benefit of new tools and strategies for
educating providers and stakeholders are a priority. In parallel, development and thorough
validation of improved non-invasive tests that can accurately diagnose the same genetic
disorders as those identifiable by amniocentesis or CVS, should be prioritized. New
approaches to cell-free DNA analysis that take into account size differences between fetal
and maternal cfDNA fragments, along with recognition of preferred fragment ends that
differ between mother and fetus, offer opportunities for improvements (Sun et al. 2018).
Ultimately, a long-term goal for the field should be to offer all prenatal genetic testing non-
invasively. While this may eventually be attainable, to date, such precision prenatal genetic
diagnosis still requires a diagnostic procedure.

Sequencing of gene panels, exomes and genomes for prenatal diagnosis

Once a pathogenic CNV or aneuploidy are ruled out in the setting of ultrasound-detected
fetal anomalies, causative sequence variants in single genes should be considered. The
ability to sequence gene panels, exomes or genomes to identify these variants is another area
where NGS technology is changing prenatal genetic diagnosis. Initially, smaller studies and
series showed that prenatal exome sequencing can identify genetic causes for fetal birth
defects in ongoing pregnancies and stillbirths, that were unexplained after standard testing,
but with variable detection rates, ranging from 6 to >80% (Best et al. 2018). Results from
one diagnostic lab, which reflects clinical practice of prenatal exome sequencing on selected
cases, showed a diagnostic rate of 32% (Normand et al. 2018b), while recent larger studies
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on unselected cases with one or more anomalies or enlarged nuchal translucency, showed
detection rates between 8.5 and 10% (Lord et al. 2019; Petrovski et al. 2019). Data thus far
indicate higher yields for CNS defects, skeletal phenotypes, and for fetuses with multiple
versus single isolated congenital anomalies. The table in Online Resource 1 lists key
published prenatal exome sequencing experience. When they are reported there is, not
surprisingly, a relatively high rate of VUS and what is labeled by one group as
“bioinformatic signatures” of plausible new causative genes or variants in known disease
genes for which evidence of pathogenicity is too limited to unequivocally attribute causation
(Drury et al. 2015; Lord et al. 2019; Petrovski et al. 2019; Vora et al. 2017). This highlights
the importance of detailed fetal phenotyping along with a concerted international effort to
collect and catalogue information that can support sequence variant interpretation for fetal
phenotypes (Filges and Friedman 2015; Gray et al. 2019; Meier et al. 2019).

The importance of the fetal phenotype

Detailed and accurate information is critical for interpretation of the pathogenicity of
sequence variants. Postnatally this derives from a combination of the external
dysmorphological exam, imaging results of internal organ systems and the skeleton, and
information on functional impairments, including muscular strength and tone, growth,
neurodevelopmental and behavioral assessments, and the results of metabolic and other
laboratory tests. Of these, growth and major structural defects can be assessed prenatally, but
functional assessments are more limited and different from those obtained during a postnatal
evaluation. They include gross fetal movements and tone, bladder and stomach filling and
emptying, amniotic fluid levels, placental and umbilical cord morphology, and Doppler
measurements of blood flow dynamics in fetal heart and fetal, uterine and placental vessels.
In addition, the fetus is still developing and depending on the gestational age at assessment
not all organs are fully formed or grown. Emerging exome data are teaching us that prenatal
phenotypes of known genetic disorders can diverge from those seen postnatally and have
even revealed different and unsuspected prenatal phenotypes of known disease genes.
Examples include, pleural effusions and increased nuchal translucency or cystic hygroma as
the predominant prenatal presentation of Noonan syndrome, while postnatally congenital
heart defects are the predominant findings (Gray et al. 2019), de novo mutations in KMT2D,
which postnatally are associated with Kabuki syndrome, in fetuses with congenital heart
effects, renal and other congenital anomalies (Lord et al. 2019; Normand et al. 2018b;
Petrovski et al. 2019), and RYRI mutations in fetal akinesia (McKie et al. 2014; Suzumori et
al. 2018). These examples illustrate that some prenatal phenotypes, in particular lethal ones,
are underrepresented in genotype-phenotype databases which are biased towards postnatal
presentations of genetic diseases or syndromes. Thus, systematic international multicenter
efforts are needed to include prenatal phenotype-genotype data using standardized
nomenclature in commonly used databases and registries and align prenatal imaging reports
with this nomenclature.

Considerations for variant annotation on prenatal samples

The same principles for variant annotation and reporting are followed for prenatal (fetal)
sequencing as in other clinical scenarios, but require additional considerations. In most cases
prenatal exome sequencing is performed as a trio, and hence results relevant to the parents
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can be obtained. This can complicate interpretation and reporting of actionable incidental
findings. The most complex are the 59 “actionable™ genes for which the ACMG
recommends reporting pathogenic variants because measures can be taken to improve health
if they are identified (Green et al. 2013), with the ability of patients to opt out of receiving
the information (ACMG 2015; Kalia et al. 2017). These guidelines exclude fetal samples
(Green et al. 2013), but if these variants are identified in one of the parents with trio
sequencing, there is a 50% chance the fetus has the same finding, and vice versa. The
medical actions typically recommended for conditions associated with these 59 genes do not
involve prenatal care, but if reported in the fetus, a decision to terminate a pregnancy could
be taken by parents for potentially treatable conditions that may not present until later in life.
While many choose not to report such secondary findings prenatally, approaches vary and
their handling with appropriate consent procedures must be addressed in pre-test counseling.
Other findings that are ethically complex prenatally include incidental detection of other
adult-onset conditions not on this list of 59 genes, carrier status, and variants of uncertain
significance. More research on the ethical and counseling aspects surrounding these is
needed.

Cell-free DNA sequencing for non-invasive assessment of single gene

disorders

The ability to isolate and sequence fetal cfDNA has led to exciting new developments for
non-invasive genetic diagnosis of single gene disorders. Various research labs have
developed and evaluated tests for specific de novo dominant mutations (for example in
COL1A1, COL1AZ FGFRZ and FGFR3associated with skeletal dysplasias) and for
selected recessive mutations (Hayward and Chitty 2018). In the United Kingdom, cfDNA-
based single gene tests and small multiplex panels have been approved as clinical tests that
can be offered to selected patients, most frequently for fetal skeletal dysplasias (Drury et al.
2016). In the United States, a screening test with 30 genes has been introduced with
excellent technical validation results (Zhang et al. 2019). One professional society currently
recommends against its use based on concern for incomplete information on clinical utility
(ACOG 2019). However, current data indicates that issues like confined placental
mosaicism, which complicates aneuploidy assessment are of much less concern for cfDNA-
based single-gene testing (Zhang et al. 2019). Thus, these tests have value when there is
advanced paternal age or when the fetus is suspected to have a disease caused by variants in
included genes and amniocentesis or CVS are declined or not possible. Larger studies and
more accumulated clinical use data will be needed before more widespread adoption. The
growing experience with diagnostic prenatal and neonatal exome sequencing can guide
future adjustments in gene content of such panels.

Use of NGS for cell-based non-invasive prenatal fetal genome assessment

A final application, that now benefits from NGS is the analysis of the genome of intact fetal
cells isolated from maternal blood. This is an area of intense ongoing research with recent
significant improvements in the isolation of these rare cells (Beaudet 2016; Rezaei et al.
2018; Vestergaard et al. 2017). The analysis of the genome of these purified cells is now
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shifting from single-cell CMA to sequencing. It has been demonstrated that low-coverage
genome-wide sequencing allows determination of aneuploidy and CNVs as small as 1 Mb
from a single circulating trophoblast cell. Early data also show that by analyzing sequence
data of individual cells separately, apoptosis artefacts can be better accounted for than when
isolated cells are pooled (Mossaert et al. 2018). This is a promising non-invasive prenatal
diagnosis method that deserves further validation in larger studies and such work is ongoing.

A pathway to prenatal precision diagnosis

We envision a future wherein all individuals are offered some form of ECS when they reach
young adulthood, or become sexually active. We propose here that carrier screening be
offered earlier, uncoupled from preconception and prenatal care if the goal is wide
implementation of carrier screening before pregnancy, allowing more opportunities for
reproductive planning. The optimal content of screening panels and the types of variants
reported is currently under debate. Some argue for smaller panels to balance cost, equal
access, and burden on counseling and healthcare utilization, with the benefits of detecting
risks for a larger number of diseases. Others argue that more comprehensive panels,
including “carrier exomes” are the ultimate goal. This debate may end if, as part of their
healthcare, individuals will in the future more commonly have their exomes or genomes
sequenced as children or young adults. Carrier status information could then be queried
when needed from stored exome results in an individual’s health record and be interpreted
based on knowledge that is current at the time of carrier data query.

The high detection rate of clinically significant CNVs by prenatal CMA and the relatively
low risk of amniocentesis and CVS validate offering amniocentesis or CVS with CMA to all
pregnant women who desire comprehensive genetic assessment of their pregnancy. Yet,
cfDNA-based NIPS marketing strategies focus on the benefits of screening for common fetal
aneuploidies, while underemphasizing the impact of rare CNVs as contributors to fetal and
childhood diseases and overemphasizing the risk of CVS and amniocentesis. When women
who desire genetic risk assessment for their pregnancies present for genetic counseling, they
often already favor NIPS based on information from peers, online sources, or primary
providers. Universal formal genetic counseling to objectively review all genetic screening
and testing options is not currently possible because of limitations in access to genetics
trained providers, while primary care providers have time constraints and are not as
extensively trained in genetic counseling. There is thus a need for development and testing
of better education tools, such as easy-to-use self-directed electronic tools for providers and
patients with standardized information on the benefits, indications and pitfalls of the
different prenatal genetic testing strategies.

Prenatal exome sequencing is currently either conducted in research studies or for highly
selected cases (Best et al. 2018; Vora and Hui 2018), because of our still incomplete
understanding of pathogenicity of prenatally detected sequence variants. Yet, important data
on incremental diagnostic rate of prenatal exome sequencing in the setting of fetal
anomalies, and in particular on the contribution of de novo dominant mutations are emerging
(Lord et al. 2019; Normand et al. 2018b; Petrovski et al. 2019). Together with the growing
knowledge about variant classification and fetal phenotype annotation, this indicates that
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exome sequencing for prenatal diagnosis is likely to become more widespread. Clinical
utility and cost-benefit analysis studies should continue to evaluate where this technology
best fits in the prenatal diagnostic continuum (ISPD et al. 2018). At least one trial is ongoing
in the United States to evaluate the clinical utility of genome sequencing, which has already
entered clinical care in other settings, for prenatal genetic evaluation of fetuses with
congenital anomalies. With further experience and technological refinement, genome
sequencing has the potential to replace exome sequencing as the genetic test of choice on
prenatal samples. Its advantages over exomes include the more even coverage of the
genome, the improved ability to detect copy number variation, the potential ability to detect
balanced structural rearrangements at higher resolution than a karyotype, and the ability to
detect non-coding clinically significant variants in a single assay, but those results are more
complex to interpret and its overall cost is higher. Although this remains to be tested and
validated, with prenatal genome sequencing it may become possible to avoid the lengthier
stepwise diagnostic odyssey of karyotype and CMA first, followed by panel sequencing or
exome sequencing, with the potential for a more favorable total turn-around time.
Ultimately, although still more remote, if cfDNA-based analysis or intact circulating fetal or
trophoblast cell analysis continues to improve, we may be able to do the same on non-
invasively obtained samples. This would not only eliminate the very small risk of
amniocentesis and CVS, it would also provide access to precision diagnosis for patients who
cannot easily reach specialized care by experts who perform amniocentesis and CVS.
Ongoing research and already existing technological advances suggest that this will likely
become technically possible, but the fundamental challenge will be to address the associated
counseling needs and ethical, societal and healthcare utilization aspects of these emerging
technologies.

Finally, improved early detection of single gene disorders can pave the way for prenatal
precision therapies that target the genetic defect or its consequences on the protein product
or downstream pathways or are aimed at stem-cell replacement (Larson and Cohen 2000;
Chitty et al. 2016; Sagar et al. 2018; Schneider et al. 2018). Although gene therapy holds
promise for treating genetic diseases, a major hurdle postnatally is rejection by the body’s
immune system. /n utero gene or cell therapy carries the advantage of a window of
opportunity where the fetal immune system is quiescent and therefore gene insertion can be
considered. (Larson and Cohen 2000). Successful prenatal protein replacement for X-linked
hypohydrotic ectodermal dysplasia has been reported (Schneider et al. 2018) and a European
multicenter study BOOSTB4 (Boost Brittle Bones Before Birth) is aimed at evaluating the
prenatal transplantation of fetal mesenchymal cells in severe viable forms of osteogenesis
imperfecta (Chitty et al. 2016; Sagar et al. 2018). A study to prenatally treat alpha-
thalassemia major with /n utero stem cell therapy is also underway. In addition, postnatal
targeted therapy can be initiated immediately after birth if prenatally diagnosed, for example
for conditions like the severe X-linked metabolic disorder, ornithine transcarbamylase
deficiency. With further advances in prenatal diagnosis these approaches can potentially be
expanded in the future for the treatment of other fetal genetic disorders.
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1956: Amniocentesis for Gender, Rh status Low
1966: Culture of amniotic fluid cells resolution
1967: First prenatal Down syndrome diagnoses

1970’s: Amniocentesis trials: US, Canada, UK Limited
1980's - early 1990’s: chorionic villus sampling (CVS) trials Number of
Late 1980's-1990's: MSAFP, serum screening T21, T18 conditions

Late 1990's-2000's: First trimester screening T21, T18, (T13)
Genomics ==

2000's: Chromosomal microarray (CMA)
2012: NICHD CMA trial & emergence of cfDNA screening  High resolution

2010’s: Expanded carrier screening More conditions
2014-2019 and beyond: fetal exome sequencing begins Fetal Precision
2019: fetal genome sequencing studies start Diagnosis

FUTURE: Non-invasive fetal genome analysis?

Fig 1. Prenatal Genetic Testing and Screening Timeline.
a. Pre-genomic era; b. Genomic era.
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Table 1:

Selected research priorities for NGS-based prenatal precision diagnosis

NGS Technology

Research Priorities

General implementation research for all
technologies

Development and evaluation of counseling and education tools

Public and provider education

Cost and healthcare resource utilization

Ethical and social issues

Expanded Carrier screening

Size and content of panels

Best time for implementation

Best approach and timing of partner screening

Non-invasive prenatal testing and screening

Technological improvement of cfDNA testing for chromosomal abnormalities,
focused on improving specificity and sensitivity, and increasing resolution

Technological improvement of cfDNA testing and screening for single gene
disorders and larger clinical validation

Technological improvement of cell-based non-invasive testing and clinical
validation

Exome and genome sequencing

Effective pre- and post-test counseling approaches

Indications for exome or genome sequencing

Phenotype-genotype correlations, registries and database tools

Healthcare resource use analysis of exomes, genomes and panels, and incremental
benefit assessment compared to other testing for various indications
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